Composite materials and layered structures based on natural plant fibers are increasingly regarded as an alternative to glass fiber reinforced parts. One of their major field of application can be found in structural components for the automotive industry. Product examples are door trim panels or instrument panels. For such applications an utmost impact strength is required in order to implement a maximum of passenger safety by a good crash behavior. The paper describes the effects of several material parameters such as fiber fineness or fleece composition as well as the impact of the process conditions on this important composite characteristic.
Introduction
Fiber reinforced composites with thermoplastic matrices have successfully proven their high qualities in various fields of technical application. Apart from conventional fiber materials like aramide, kevlar or glass fibers natural fibers such as hemp or flax are increasingly applied for reinforcement.
One of the major field of application for natural fiber reinforced composites can be found in the automotive industry. Amounting to a total of only 4.000 to 5.000 tons in 1996, the use of natural fibers in the European automotive industry has 
Figure 1 TENSILE STRENGTH AND YOUNG'S MODULUS RELATED TO SPECIFIC GRAVITY (ρ*g) FOR DIFFERENT PLANT FIBERS COMPARED TO SYNTHETIC FIBERS
quintuplicated with more than 28.000 tons in the year 2000. In the medium term, a total use of more than 100.000 tons can be expected in this area. Currently, an average of 5 to 10 kg of natural fibers is incorporated in every European passenger car with interiors parts such as door trim panels or trunk liner as the main fields of application [1, 2] . Besides ecological considerations several technical aspects promote the replacement of glass fibers by plant fibers. Considerably in the first place are the good mechanical properties of most plant fibers coupled with a low density. Therefore, plant fibers offer a high potential for an outstanding reinforcement in lightweight structures (Fig. 1) .
Another very important aspect regarding the replacement of glass fibers by natural fibers as the reinforcing component in thermoplastic composites is the distinctive improvement in crash behavior. It can be assumed that that automotive interiors with a reinforcement of natural fibers are safer than glass fiber parts, as no sharp-edged fracture surfaces occur in case of crash.
Further advantages of a reinforcement by natural fibers result from their high absorptivity, which creates excellent acoustics and an air cleaning effect. With respect to industrial safety, natural fibers do not cause allergic reactions or skin irritations. And finally a positive image and product marketing related to the utilization of a renewable material should be taken into consideration.
For the generation of structural parts by compression molding carded and mechanically needle-punched nonwoven fabrics from natural and polymeric fibers are utilized. Such hybrid fleeces can be characterized by a maximum of homogeneity and easy handling. For the manufacture of composite parts pre-cut nonwoven blanks are automatically taken from a magazine and traverse a preheating device (Figure 2 ). The prepreg is heated up to the required processing temperature.
The temperature has to be chosen high enough to melt and plasticize the thermoplastic binder and depends strongly on the utilized polymer. For polypropylene (PP) temperatures between 200 and 250°C are required to achieve a sufficient low viscosity. Subsequently, in a corresponding mold the plasticized prepreg is finally pressed to the final shape. Simultaneously, the material is cooled down, leading to a curing and hardening of the binder component. The general design of the described manufacturing technology has mainly been taken over from the processing of glass mat reinforced thermoplastics (GMT). Specific process adaptations have primarily been implemented empirically. Consequently, a lack of knowledge, e.g. referring to the selection of process variables, still exists. However, in order to utilize the mechanical capabilities of natural reinforced thermoplastics in a more optimized way, a well-adapted process technology is required. Particularly with respect to the thermal stability, the properties of glass fibers and natural fibers differ significantly. By reason of their natural origin, plant fibers respond to thermal impact by far more labile than synthetic fibers. For natural fibers thermal degradation processes commence at temperatures as low as 120°C, resulting in a decomposition of waxes. Temperatures around 180°C lead to a decomposition of pectin, temperatures of approximately 230°C have the consequence of a decomposition of cellulose [4] . This obviously leads to the consumption that even transient thermal impact must result in a non-reversible reduction of fiber strength, inevitably effecting the mechanical properties of the later composite. However, to ensure sufficient flow capabilities of the binder component throughout the molding process, temperatures of at least the stated magnitude are required. As mentioned previously, polypropylene as the most commonly used thermoplastic binder component for natural fiber composites, requires processing temperatures of 200 to 250°C to achieve a sufficient low viscosity. Determining the parameters for an new production process therefore requires a consideration of both ensuring the general processability on one hand and avoiding thermal damage of the fiber component on the other.
Measurement of dynamic stress by photoelastic technique
The mechanical properties of fiber reinforced polymer composites (FRP) have been studied especially for static loading of the parts. The problem of determining the distribution of stress and/or strain in a two-dimensional composite specimen subjected to an impact type of loading is difficult to solve mathematically, thus, experimental means are essential and sometimes indispensable. Reinforced composites are mainly used when high accelerations take place. Then the composites offer a high potential to reduce the kinetic energy. The reinforcement is a major parameter to reduce the material stress not only at static load but also when an impact loading takes place.
Significant differences occur regarding the stress of static, quasi-static and impact loading. Impact is effected when the contact time is short compared to the time of wave run through. If impact loading is subjected to a structure it is accelerated with the consequence that interia forces are produced
Figure 2 COMPRESSION MOLDING PLANT FOR THE PROCESSING OF NATURAL FIBER REINFORCED THERMOPLASTICS [ORIGIN: HEIDEL GMBH, GERMANY]
and therefore there is no linearity between the impact force and the stress. The experimental simulation of an impact requires the control of three characteristics: contact time, impulse and impact force F(t). The experimental setup for the measurement of dynamic stress is derived from the reflection polariscope with single-flash-technique. The impact test device for the measurement of dynamic stress consists of the loading apparatus and the photoelastic element set-up. Figure  3 illustrates this arrangement schematically.
To create impact loading a steel projectile is accelerated by pressurized air along a barrel. The projectile transmits it's impulse to the specimen through an anvil (Figure 4) The use of an anvil avoids damaging the composite at the contact point and enables the employment of a piezoelectric force sensor. Within the loading apparatus several types of specimen (beams, discs, plates) can be attached with different boundary conditions. Thus, it is possible to investigate first the 'early stages' of the wave propagation (unless reflection occurs at the point of interest of the specimen) and second the influence of reflection and superposition of the propagating waves with respect to different boundaries and/or profile variations. Figure  4 shows a plate clamped at two opposite edges while the remaining edges are free or simply supported. The testing device can develop a deeper understanding of the behavior of FRP composites after impact loadings and thus support optimizations in the design and composition of such materials. Within this field the following applications are attainable:
1. Determination of the elastic properties of visco-elastic composites and photoelastic coating materials due to high strain rates [6] 2. Location of artificial cracks within aluminum specimen by analysis of impact strains [7, 8] 3. Surveying and analyzing strain wave propagation within FRP composite discs [9] 4. Investigation of the stress concentration within impact-loaded orthotropic composites [10] 5. Surveying of bending waves within fiber reinforced composite plates due to transversal impact loadings
The latest research has involved the investigation of bending wave propagation in FRP plates. Using circularly polarized light the isoclinic fringes disappear. The photoelastic images contain pure isochromatic patterns of the wave propagation. The isochromatic images shown in Figure 5 and Figure 6 depict the propagation of bending waves within a rectangular plate (200 * 200 * 3) mm made of a unidirectional glass-fiber-reinforced epoxy resin. The orientation of the fibers is 60 degrees to the vertical image axis. The specimen were loaded by central transverse im-pacts. The surveying of the wave propagation with plane polarized light gives iso-chromatics and isoclinics de-pendent upon the angle of the polarization axis. When the axis of plane polarization is changed while the loading parameters and exposure time remain constant, a set of isoclinic fringe patterns is obtained Figure 4 SPECIMEN ATTACHMENT [5] which provides the spatial distribution of the principal strain directions.
Impact of material and process parameters on the impact behavior of natural fiber reinforced composites

Investigations and experimental design
Experimental investigations employed carded and mechanically needle-punched nonwoven fabrics made of natural and polymeric fibers. Flax, hemp and kenaf were used as natural fibers, whereas polypropylene represented the binder fiber for all hybrid fleeces. Furthermore, the blending ratio was varied in terms from natural/polymeric fiber 50/50 to 70/30. Finally glass fiber/polypropylene mats were used as a reference material. The weight of the prepregs ranged from 1600 to 2400 g/m 2 . Samples were produced in laboratory scales, varying the level and duration of thermal impact. The manufacture of composite samples from prepregs took place in two main steps. At first the prepregs with thermoplastic component were heated up and pre-compacted under slight pressure, melting and plasticizing the thermoplastic binder material. Following, these softened semiproducts were consolidated to two-dimensional plane sheets in a corresponding mold. Figure 7 shows the influence of the processing temperature on the impact strength of the different composite materials reinforced by natural fibers. The processing temperature describes the temperature at which the preheating process was interrupted. It was measured by thermocouples placed in the center layer of the prepregs.
Influence of the processing conditions on the impact behavior
All composites show, regardless of the employed type of fiber, a comparable performance with a maximum impact strength in the medium temperatures range. For lower and higher processing temperatures a more or less distinctive decline can be observed. This can be ascribed to the interrelation of two effects opposing each other. An increasing processing temperature leads to lower viscosity of the binder component and thus to improved flow capabilities. This results in an improved fiber embedment during consolidation and therefore higher stability of the composite. However, at the same time the incline of temperature leads to progressive decomposition of the reinforcing fiber, resulting in a decrease of fiber strength.
Furthermore a modification of the fiber surface caused by thermal decomposition, leading to a deterioration of adhesion between fiber and matrix, can also be assumed.
In the lower temperature range such decomposition processes are not very distinctive compared to the surplus of mechanical properties due to progressive fiber embedment. Thus, a continuous growth in impact strength can be
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observed when increasing the temperature from 180°C. Finally, a maximum is reached around a processing temperature of approximately 220°C. However, for a further continuing increase of temperature, fiber fatigue due to thermal decomposition becomes the predominant effect compared to a further improvement in fiber embedment, resulting in a decrease of the composite's properties.
In the contrary, for composites with a reinforcement of glass fibers, increasing values of impact strength can be observed over the entire temperature range (Figure 8 ). As glass fibers endure thermal impact in the regarded temperature range without any indication of decomposition, the increasingly lower viscosity of the polymeric component leads to a progressive improving fiber embedment and therefore higher mechanical properties. Similar observations can be made regarding other mechanical properties such as tensile or bending strength or stiffness.
When increasing the share of reinforcing fiber in the composite, the maximum of impact strength moves to higher temperatures (Figure 9 ). This phenomena can be found also for the tensile of the composites and therefore supports the assumed superposition of the contrary effects. On one hand an increasing share of natural fibers necessarily stands for less binder material. Furthermore, due to their comparatively large diameter and rough surface morphologies natural fibers counteract to a free flow of the binder component during consolidation. Therefore a lower binder viscosity is required to achieve a reasonable fiber embedment for higher shares of natural fiber. Thus, the peak value of impact strength is reached at higher processing temperatures and the strengthening influence of improved fiber embedment predominates longer over the weakening thermal decomposition.
Not only the level of thermal impact, represented by the absolute processing temperature, was found to be responsible for a decline in fiber strength but also the duration as shown in Figure 10 . Most of the products used for example in the automotive industry, have a blending ratio of 50/50 for natural fibers and 30/70 for glass fibers. Investigations [11] , [12] demonstrate that these rations generate the optimal tensile strengths. For the composite reinforced by natural fibers the measured impact strength depends strongly on the duration of the thermal impact, whereas the most significant loss in impact strength can be observed for durations comparable to industrial standard cycle times. In contrary, no dependency can be observed for glass fiber reinforcement over the same range of time.
Concluding it has to be recorded that both, the level of thermal impact, represented by the absolute processing temperature, as well as the duration, represented by the preheating time, have a strong influence on the decomposition of natural fibers and therefore on the mechanical properties of natural fiber reinforced composites. Figure 11 summarizes the maximum mechanical properties of all investigated composite materials employing an optimized processing as described above. The given values are percent specifications, related to the particular maximum which is also given on each axis.
Influence of the fiber characteristics on the impact behavior
Obviously flax fibers offer the highest reinforcing potential of all investigated natural fibers. As it is evident in Figure 11 this superiority is most distinctive regarding the tensile and impact strength of the composites. Figure 12 compares the tensile strength data for composite materials basing on PP and different fiber materials. Regardless of the employed type, the incorporation of a reinforcing component results in an increase of the composite's tensile strength compared to the pure PP reference sample. Furthermore it is obvious that composite materials with a reinforcement of natural fibers offer the same dimension of tensile strength as E-glass reinforced composites. The composites basing on flax and hemp even show superior tensile strength values. Even though the fiber tensile strength values were basically comparable at least for flax and hemp fibers (Flax: 45 cN/tex, Hemp 43 cN/tex, Kenaf 35 cN/tex), composites basing on flax fibers show higher tensile strength values than those basing on hemp or kenaf fibers. From that it can be concluded that flax offers higher reinforcing properties than hemp and kenaf. A reason for this can be seen in the fiber morphology. Flax fibers show a higher fineness and also more unique fiber diameter distribution compared to hemp or kenaf. Especially the latter usually can be characterized by wide ranging diameter distributions and comparatively large diameters. A high fiber fineness should result in better fiber embedment during compression molding and therefore higher mechanical composite properties. Furthermore a higher fiber fineness should lead to an improvement in the ratio between surface and volume and therefore an increased contact surface between fiber and polymeric matrix. Furthermore the utilization of a fiber with less diameter increases the number of actually embedded fibers which reduces the concentration of peak stresses at the end of the fibers. To verify these presumptions Fig. 12 also shows the average fiber diameter of the tested natural fibers. It is obvious that a utilization of fibers with a higher fineness indeed leads to improved composite properties. Fig. 12 also presents the influence of the share of natural fiber material in the composite. Obviously, a maximum in tensile strength is reached with a share of 60% of flax fibers whereas higher or lower shares result in a decrease in tensile strength. Similar results can be attained for the stiffness of the composite materials, i.e. the modulus of elasticity in tension.
Particularly with respect to impact strength the fiber fineness plays a key role for the composite properties. Tests with glass fiber reinforced thermoplastic composite could prove that an increase in fiber diameter leads to reduced impact strength [11] . A fiber with less diameter offers the advantage of an increasing absorption for impact energy. Furthermore the capability of fiber-pull-out is also increased. Figure 13 displays the maximum values in impact strength for the different composite materials. Also given are the average diameter and the elongation at break of the fiber material. As expected composites with fine reinforcing natural fibers offer the highest impact strength. At the same time also high fiber elongation capabilities lead to high impact strength.
The impact strength of composite materials reinforced by natural fibers is often considered to be inferior to a reinforcement with glass fibers. Figure 13 displays that basing on an optimized manufacture referring to thermal processing conditions as described above even the impact strength can reach values well comparable to those of glass fiber composites. For high impact properties it has to be noted, that a slightly weaker adhesion between fiber and polymer should result in a higher degradation of impact energy, supporting fiber-pullout. Good adhesion on the contrary results in abrupt fiber fracture with a minor energy degradation.
Summary
The investigations could prove a strong influence of the thermal process conditions during compression molding on the impact strength of natural fiber reinforced composites.
Regardless of the employed natural fiber a peak of in impact strength was found at processing temperatures around 220°C to 240°C. Higher temperatures as well as lower values resulted in lower mechanical values. This observation may be explained by a thermal decomposition of the fiber component. Similar experiments with glass fiber reinforced composites showed no thermal impact on the material properties.
Furthermore a strong impact of different material parameters on the composite's properties exists. Especially the fiber fineness has a strong impact on the composite's mechanical data. A higher fineness results in an improved fiber length to diameter relation and an increased contact surface between fiber and matrix. Furthermore it leads to an increased amount of fibers in the composite and a decrease in stress concentration 
